Abstract: Java Island is part of the island arc influenced by subducting Indo-Australian beneath Eurasian tectonic plates, therefore there is high seismic activity and an active volcanic chain trending East-West. One of the volcanoes in Java Island is Mt. Pandan, northern part of Madiun, East Java region, which is known as one of the dormant volcano in the region. According to the list of volcanoes in Indonesia Mt. Pandan is not classified as an active volcano. The previous studies mentioned that Mt. Pandan is a modern volcano which is located in the Kendeng zone. On June 25, 2015, there was felt earthquake (M 4.2) causing several houses damaged around Mt. Pandan as reported by Agency for Meteorology, Climatology, Geophysics (BMKG), Indonesia and then in February 2016, more than twenty small earthquakes (M < 4) occurred again in the area. In order to understand the structure beneath Mt. Pandan, we have conducted gravity measurement and seismicity analysis through hypocenter relocation. Our results show prominent low gravity and density anomalies by forward modeling derived from residual anomaly around Mt. Pandan area. The clusters of small earthquakes appear at depths of less than 30 km beneath Mt. Pandan. The selected focal mechanism of the event in the area is leftlateral faulting in the north and oblique dominant thrust in the south of Mt. Pandan. Some indications related to submagmatic activities such as hot springs and warm ground is found. Our interpretation is this phenomenon may be related to tectonic and magmatic activities. On the other hand, it confirms also that Mt. Pandan is probably a modern volcanic center.
Introduction
Mt. Pandan of 897 meters high is a relatively small mountain in East Java area, Indonesia. It is located in the approximately 40 km northeast of Madiun city. This volcano is not listed as active volcanoes in Indonesia. Java Island is located in the southern part of Indonesia Island arc, therefore this region contains of volcanic chain. An EastWest recent active volcanic chain was built in the region. On the southern part of Eurasian plate margin, Java Island is subducted by Indo-Australian plate. Java trench is the elongated location where the subduction has occurred. The subduction started from the age of middle Eocene to present day [1] . Then, Java is developed as a volcanic island contains the active volcanism since the early Cainozoic. The modern Sunda Arc volcanoes are distributed along the island. A second older arc of Eocene to Miocene volcanoes in East Java formed the Southern Mountain [2] . Sunda Arc volcanoes are a modern volcanic chain in East Java area built mainly in the Kendeng zone. One of the active volcanic centres in the area is Mt. Wilis. As a volcanic centre, this volcano is defined as one of modern volcanic centers [3] (Figure 1 ).
Mt. Pandan is located northern of Mt. Wilis ( Figure 1 ) and has a conical morphology which also defined it as a modern volcanic center [3] . The Center for Volcanology and Geological Hazard Mitigation, Bandung, Indone- sia (CVGHM) defined that Mt. Pandan is a dormant volcano that has a relatively little conical shape. The height of this mountain approximately 300 meters compare to the surrounding area. Some recent small earthquakes were recorded in the area. On the other hand, there are some indications related to submagmatic activities such as several hot springs and warm ground which is found as dried vegetation in the area. The recent seismic hazard map of Indonesia [4] showed there is an active fault that we called Kendeng Thrust fault zone lies which striking East-West in the northern part of Mt. Pandan area. The previous GPS study of Koulali et al. [5] showed a kinematic model of the subducting of the Indo-Australian plate beneath the Sunda Block, including a slip partitioning between the Java Trench and an East-West left lateral fault along Java region. Whereas, the main convergence motion mainly are accommodated by the Java megathrust and minor parallel motion accommodated along the Kendeng and Baribis Thrusts. The previous study of ambient noise tomography in Central and East Java areas [6, 7] exhibited very low Vs structure in the Kendeng Basin which is associated with thickness of sediment layer. The contrast velocity features were observed around the Rembang High, northern part of Kendeng Basin and the very low group velocities were also observed around active volcanoes [7] .
The seismicity activity in East Java area is relatively high due to the Java subduction zone and inland active faults [8] [9] [10] . The events clearly reveal Wadati-Benioff zone geometry at the Java trench and back thrusts in the south of East Java area [10] .
Therefore, there are some possibilities as source of occurrence of small earthquakes in this region including (i) it may be related to an activation of Kendeng Thrust fault in this segment, (ii) it may be related to magmatic processes, and (iii) it may be related to combination of both two-geological conditions (tectonic and magmatic). In this study, we attempt to understand the relationship between recent small earthquakes activities and subsurface structure beneath Mt. Pandan derived from gravity data. Analysis of small earthquake is also very important to determine of the level of hazard to support for seismic hazard analysis in the region [11] .
2 Mt. Pandan as one of the volcanic geological feature in East Java, Indonesia
The previous study of Van Bemmelen has divided Java Island into some regions physiographically [12] . This zonation also reflects structural and stratigraphical features or tectonostratigraphy. A modification of tectonostratigraphy zonation in East Java area was carried out by Smyth et al. [3] . It was divided into four areas from south to north ( Figure 1 ), as follows: (i) Southern Mountain Zone. This zone consists of the Eocene-Miocene volcanic arc which is built on Mesozoic basement. The sediments deposits include siliciclastic, volcaniclastic, volcanic and carbonate rocks. These rocks generally have dipping uniformly to the south, (ii) Present-day Volcanic Arc and this volcanic chain activated since the Late Miocene age, (iii) Kendeng Zone which is known as the main EoceneMiocene depocenter in East Java area. This zone contains thick sequences of volcanogenic and pelagic sedimentary deposits. It is now dissected by East-West trending thrust belt, and (iv) Rembang Zone which is consists of the Eocene-Pliocene sedimentary sequence includes shelfedge deposits such as shallow marine clastic sediments and extensive carbonates. This zone contains of a structure called as Rembang High which is develop by one major ENE-WSW fault-bounded high and some east-west orientated folds. Simplified geological map of East Java including its tectonostratigraphic zonation location of Mt. Pandan and its surrounding area can be seen in Figure 1 . The Kendeng Thrust fault directed East-West in the region as the boundary between Kendeng and Rembang zones are an important structural feature related to Mt. Pandan.
Hypocenter relocation of recent small earthquakes around Mt. Pandan, Madiun, East Java area
As informed by Agency for Meteorology, Climatology, Geophysics, Indonesia (BMKG), there was an earthquake occurred in Madiun, East Java, Indonesia, on June 25, 2015 with a depth of~10 km and magnitude of 4.2 close to Mt. Pandan. The previous study of Nugraha et al. [13] showed the focal mechanism of this event was strike-slip mechanism and focus depth of~14.8 km which may be related to local fault in east of Madiun city. Later on, small earthquake sequences occurred again in February 2016 around Mt. Pandan area. In this study, we have re-picked of Pand S-wave arrival times ( Figure 2 ) from 29 local small events with depth less than 30 km around Mt. Pandan, Madiun, East Java region that were recorded by BMKG seismographs regional network for time period of February 2016 ( Figure 3 ). We used Seisgram2K software [14] to determine onset of P-and S-wave arrival times. Hypoellipse code was applied to determine hypocenter location of the events [15] . We used HypoDD program [16] to running the double-difference method [17] for hypocenter relocation using 1D seismic velocitty model [18] . We selected events with relatively high signal to noise ratio for focal mechanism analysis. We used ISOLA package for performing moment tensor inversion [19] . We inverted for full moment tensors from the displacement records from at least three local stations. The stations at a small epicentral distance were chosen. The observed waveforms were pre-processed by high-pass filtering with a corner frequency of 0.075 Hz to 0.16 Hz. Comparison of the correlation coefficient between the observed and the best fitting synthetic seismograms is more important for the success of the inversion. Our results show the relocated of small earthquakes (M < 4) are concentrated around Mt. Pandan with focus depths of less than 10 km which have dipping to the south direction as shown in Figure 4 . The main causing of these small events sequences are still intriguing to be investigated. The Kendeng Thrust fault is located in the northern part of Mt. Pandan, where the active volcano of Mt. Wilis is located in southern part of these events cluster. This situation leads to whether it is related to activities of Kendeng Thrust fault or volcano/sub magmatic or combination magmatic and tectonic. We have attempted to analyze of focal mechanism from selected small events in the area. As a results show the source mechanism of events are mainly left lateral and oblique-thrust faults in the north and south of Mt. Pandan area, respectively ( Figure 5 ).
We (Geophysical Engineering, Faculty of Mining and Petroleum Engineering, Institut Teknologi Bandung, Indonesia) have deployed 2 temporary seismographs station The objective is to characterize the waveform signal of these small events sequences, however, the events are not so frequently observed at this time periods. We observed prominent shallow small event which has characteristic of very short duration (~1 second), moderate high frequency content of signal (~20-45 Hz) and very short time difference between S-and P-arrival times ( < 0.3 seconds) as shown in Figure 6 . A clear waveform signal and separation between P wave and S wave arrival usually indicate a tectonic earthquake.
Gravity Survey around Mt. Pandan, Madiun, East Java area
We also conducted gravity survey around Mt. Pandan in June 2016 [20] as comparison with seismicity analysis. The goal of this study is to delineate subsurface structure of Mt. Pandan and its relationship with recent small earthquakes sequence. The measurement was carried out by using Gravimeter Scintrex CG-5 (SN-815). The obtained Complete Bouguer Anomaly and Residual Anomaly maps are shown in Figure 7 . The gravity survey shows some interesting results including the low Complete Bouguer Anomaly and low Residual Anomaly are fairly clearly observed around Mt. Pandan (Figure 7) . The 2D Nouth-South (N-S) cross-section of density anomaly calculated by forward modeling derived from Residual Anomaly is shown in Figure 8 . Accordingly, it shows fairly clearly low density value beneath Mt. Pandan. The low density value continues from the north to south of beneath Mt. Pandan. Pandan area from our previous study [20] . Red and blue colors stand for high and low anomaly, respectively. Black line indicates location of N-S for density forward modelling. Black circles are gravity measurement station.
Discussion
Seismogram signal of small earthquakes around Mt. Pandan area show clear onset P-and S-wave arrival times and moderate frequency content indicated that these events were originated by tectonic activity. The focal mechanism of these events mainly strike slip and oblique thrust faults. Where, the gravity anomalies show an indication of low density value beneath Mt. Pandan area. These features may be related to weak zone, hot materials or magma source. The 2D geological interpretation based on gravity Pandan modified from our previous study [20] .
model is shown in Figure 9 . Our interpretation is that low density anomaly may be related to hot material or magma body. This low density value also dipping to the south of Mt. Pandan toward Mt. Wilis. The submagmatic activity including hot springs and warm ground are also found around Mt. Pandan area. These features indicate an existing of magmatic activity beneath the area. The previous study of regional seismicity from Nugraha et al. [10] shows clearly intra slab earthquake of Indo-Australia Plate subducts beneath Sunda Arc in East Java area ( Figure 10 ). The cluster of earthquakes also exhibit beneath Mt. Wilis and Mt. Pandan areas. Some events also appear around the Kendeng Thrust fault. Mt. Pandan area is located in complex and active geological setting. We found low density body anomaly beneath Mt. Pandan from gravity survey which probably related to magma source or hot material along with small earthquakes sequences related to the tectonic activities. Since the Indo -Australian Plate subducted beneath Eurasian Plate in East Java region, the Java Trough was developed followed by accretion ridge, fore arc basin, Southern Mountain region, modern volcanic arc, Kendeng Basin and Rembang zone. As part of modern volcanic arc, subsurface geological structure of Mt. Wilis and Mt. Pandan in East Java based on gravity interpretation could be illustrated as the origin of magma source (Figure 11) . The molten magma generated from the subduction process is moving upward produces Present Day Volcanic Arc on the island of Java. Mt. Wilis and Mt. Pandan are volcanoes as part of this volcanic arc which has magma source derived from the subduction zone processes. The main magma chamber beneath Mt. Willis and some magma is flowing toward north that forms Mt. Pandan. Submagmatic activities manifestation around Mt. Pandan including hot springs and hot soil showed an indication of heat source beneath the surface. These phenom- Pandan as part of this arc as interpreted from gravity data. It indicates relationship to recent seismic activity. It is also noted the location of Kendeng Thrust fault has important role related to tectonic of north-east Java region (model modified from [2] and [22] ).
ena support our gravity interpretation. Therefore, it could be explained that there is a possibility that both phenomena magmatic activity and Kendeng Thrust fault are re-lated to each other. It could be explained that subduction process produced the fault movement and at the same time also triggered the upwelling magma to the surface.
Conclusions
We have determined hypocenter location and focal mechanism analysis of recent small earthquakes and gravity survey around Mt. Pandan, Madiun, East Java, Indonesia. The small events have clear onset of P and S arrival times, strike-slip and oblique thrust faults type as indication of tectonic activity which probably related to Kendeng Thrust fault segment in the northern of Mt. Pandan. We also found low density body derived from gravity residual anomaly beneath Mt. Pandan and has dipping to the south direction of Mt. Pandan toward Mt. Wilis. Our interpretation is these features probably related to hot materials or magma source. The location of small events very close to Kendeng Thrust fault and Mt. Pandan suggest that tectonic and magmatic activities have strong relationship to each other in the area. However, for more details investigation and analysis, study of geology, geophysics and geodesy are needed to be conducted.
